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SUMMARY 


Performance sensitivities and interactions between gas turbine engine components 
were examined analytically when changes were made to several significant component 
performance and operating parameters. The gas turbine engine, a two- shaft configura- 
tion called the Upgraded engine, was developed by the Chrysler Corporation under a 
U. S. Department of Energy contract. The early Upgraded engines had a serious power 
shortfall, and a cooperative effort was undertaken to remedy the problem. One aspect 
of the corrective action program was an engine test at the NASA Lewis Research Center 
of one of the early Upgraded engines. To provide additional support for that test the 
engine was analytically modeled for use with a performance prediction computer code. 
The code had the flexibility to permit the incorporation of details such as the turboma- 
chinery maps and other actual test data relative to component performance. The per- 
formance sensitivity was examined for changes to several operating and component per- 
formance parameters. One change at a time was introduced, and the performance was 
calculated and then compared to the reference performance. This comparison was 
made at gas generator speeds from 50 (idle speed) to 100 percent. Sensitivities were 
determined for changes in turbomachinery efficiency, compressor inlet temperature, 
power turbine discharge temperature (which was actively controlled), regenerator ef- 
fectiveness, regenerator pressure drop, and several gas flow and heat leaks. 

As expected, the efficiency of the compressor and the turbines strongly affected 
performance. Compressor efficiency, which had the strongest effect on system perfor- 
mance, was closely followed by compressor-drive turbine and power turbine effi- 
ciencies. Efficiency changes to either the compressor or compressor- drive turbine 
efficiencies resulted in a shift in the operating point of the other two machines. For 
constant shaft speeds and power turbine discharge temperature, increasing the com- 
pressor efficiency resulted in reduced pressure ratio for the compressor-drive tur- 
bine and increased pressure ratio for the power turbine. Changes to power turbine 
efficiency did not affect the operating point of the other two machines. A tabulation of 
influence coefficients for several dependent variables is included for gas generator 
speeds from 50 to 100 percent. 



INTRODUCTION 


The Upgraded gas turbine automotive engine development program was initiated by 
the Environmental Protection Agency in 1972 with a multi-year contract to Chrysler 
Corporation. The U.S. Department of Energy, after its formation, took over the pro- 
gram and in 1977, while continuing direct funding, transferred the technical manage- 
ment responsibility to the NASA Lewis Research Center Gas Turbine Project Office. 

A power shortfall in the first engines resulted in an intense corrective action program. 
Chrysler and its contractors undertook component redesign to correct the power defi- 
ciency. Included in the corrective action program was some diagnostic testing. One 
of the early Upgraded engines (serial no. 5-4) was tested at Lewis (ref. 1 and unpub- 
lished Lewis data by Horvath, Ribble, Warren, and Wood). To support that test effort 
a sensitivity analysis was done to determine the influence of the more important com- 
ponent parameters. The performance of engine 5-4 was poor with peak measured 
power of about 38.8 kilowatts (52 hp) instead of the goal of 77. 6 kilowatts (104 hp) . In- 
itially the Lewis test engine encountered combustion instability at the higher gas gener- 
ator speeds although no problems were encountered at 80-percent speed or less. The 
performance figures reported herein are for engine 5-4, one of the early engines. For 
engine 5-4, the maximum power attainable was about 50 percent of the design goal. 
Corrective action by Chrysler has brought the current Upgraded engine power up to 
about 87 percent of the design goal. 

The Chrysler Upgraded engine (S/N 5-4), a two- shaft regenerated engine, was 
modeled mathematically using a gas turbine engine performance computer code desig- 
nated N. N. E. P. (Navy-NASA Engine Program). The N. N. E. P. version used was 
specifically adapted to automotive gas turbine engine applications. With this code, 
influence coefficients were determined for the effect of compressor efficiency, 
compressor- drive turbine efficiency, power turbine efficiency, regenerator effective- 
ness, regenerator pressure drop, parasitic power losses for the gas generator shaft 
and power turbine shaft, various flow and heat leaks, compressor inlet temperature, 
and power turbine discharge temperature. 


SYMBOLS 

A auxiliary and parasitic power losses 

N rotational speed 

p pressure 

(Ap/p) pressure drop fraction 
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heat leak 


«1 

SFC specific fuel consumption 

T temperature 

x independent variable 

y dependent variable 

(o>j/d> a ) flow leak fraction 
77 component efficiency 

Subscripts: 
a air 

a^ air at station 1 , fig. 1 

c compressor 

ct compressor- drive turbine 

f fuel 

GG gas generator shaft linking compressor with compressor- drive turbine 

1 leak 

pt power turbine 

ref reference 

reg regenerator 

std standard or reference value 

4 33 typical nomenclature for flow leaks; in this case, duct 4 to station 33 in fig. 1 

ANALYTICAL MODEL AND COMPUTER CODE 

The information required to analytically model the Upgraded engine was obtained 
from Chrysler Corporation and from tests at the NASA Lewis Research Center. The 
compressor and turbine maps were obtained from cold flow tests conducted at Lewis. 
The compressor map was obtained from a rig test of the actual Upgraded compressor 
(ref. 2). Maps for the two Upgraded turbines were not available when the analysis was 
originally conducted. However, the turbines for a larger but similar engine, the 
Chrysler Baseline engine, had been tested at Lewis (refs. 3 and 4). The Chrysler 
Baseline and Upgraded engines were both two- shaft engines with the power turbine 
having variable nozzle vanes for control. The Chrysler Baseline engine was a 111.8- 
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kilowatt (150-hp) engine, while the Chrysler Upgraded engine had a design goal of 
75 kilowatts (100 hp). Because of the similarities between the two engines, the Base- 
line turbine maps were scaled for the Upgraded sensitivity study. After the Upgraded 
turbine maps from rig tests became available, sensitivity calculations were repeated 
for the independent parameters which caused the map operating points of the turbo- 
machinery to shift. Thus, the sensitivity calculations to determine the effect of com- 
pressor efficiency, compressor- drive turbine efficiency, power turbine efficiency, 
compressor inlet temperature, and controlled power turbine discharge temperature 
were repeated using the Upgraded turbine maps. Calculations were not repeated for 
the effect of heat leaks, flow leaks, regenerator effectiveness, regenerator pressure 
drop, and parasitic losses. The original intent was to match design performance to the 
original Chrysler performance goals at the rated power. But at that time engine 5-4 on 
test at Lewis was unable to run at 100-percent gas generator speed because of combus- 
tion instability. Therefore, the turbine map operating points at 80-percent gas gener- 
ator speed and power turbine speed of 30 800 rpm were matched to actual test data for 
engine 5-4. In addition to the compressor and turbine maps, data from the same tests 
were used to estimate total pressure losses for the compressor diffuser and for the 
ducting between the two turbines. Predictions by Chrysler were used for the reference 
values for flow leakage magnitudes and their flow paths, heat leak magnitudes and flow 
path, inlet duct total pressure recovery, combustion efficiency, combustor pressure 
drop, regenerator effectiveness, regenerator pressure drop for both high and low pres- 
sure sides, and parasitic power losses for the gas generator shaft and the power tur- 
bine shaft. 

The computer code used was a version of the N.N. E. P. (ref. 5), which had been 
specifically adapted for ground transportation gas turbine engines. The code enables 
modeling with a building block approach. Figure 1 shows a block diagram of the engine 
component arrangement showing physical linkage components and gas flow paths. The 
assumed leakage flow paths and leakage rates estimated by Chrysler (ref. 6) were used 
for this analysis. The gas generator shaft links the compressor with the compressor- 
drive turbine. The load on the gas generator shaft is not a mechanical component but 
a means of introducing shaft bearing and windage parasitic losses. The power turbine 
shaft shows only a turbine and a load which would be input power to a transmission after 
parasitic losses were subtracted. The computer code permits specifying turbomachin- 
ery maps, pressure drop fractions as a function of corrected flow, heat losses and flow 
leak losses, parasitic losses for the shafts as a function of rotational speed, and com- 
ponent efficiencies (such as combustion efficiency and regenerator effectiveness) as a 
function of some applicable variable such as corrected flow. The mathematical model 
was valid for steady- state operation only; transient operation was excluded. 
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DISCUSSION OF RESULTS 


Sensitivities were determined at discrete operating points on the engine map shown 
in figure 2. Sensitivities were evaluated primarily by examining influence coefficients. 
The influence coefficient is the fractional change of the dependent variable divided by 
the fractional change of the independent variable. In figure 2 the engine power is 
plotted against the propshaft speed for a series of gas generator speeds from 50 to 
100 percent of design. The propshaft speed is related to power turbine rotational speed 
through a 14.89 gear reduction. For a given gas generator speed there is a power tur- 
bine shaft speed where output power is maximum. The sensitivities were determined 
at these optimum operating points (solid triangular symbols in fig. 2) . 

The sensitivities were determined for the entire list of independent variables using 
the scaled Baseline turbine maps. When rig test maps for the Chrysler Upgraded tur- 
bines became available they were incorporated in the analytical model. Subsequently, 
calculations to determine sensitivity to the efficiency of the compressor, compressor- 
drive turbine, and the power turbine were repeated. Sensitivities to compressor inlet 
temperature and power turbine discharge temperature were also recalculated. Sen- 
sitivities to all other independent parameters were determined only for the model con- 
taining scaled Baseline turbine maps. For the turbomachinery efficiencies both sets 
of influence coefficients are shown in the plots and in the appendix. 

The shaft speeds for the gas generator and the power turbine were held constant 
when determining these sensitivities. Also, the power turbine discharge temperature 
was held constant by controlling the position of the power turbine nozzle vanes. The 
power turbine nozzle control is the normal control mode for the actual engine and was 
simulated for the analytical study. The independent variable delta was 1 percent for 
the turbomachinery at the 80-percent speed match point. The appendix lists the magni- 
tude for each independent variable. 


Effect of Turbomachinery Efficiencies 

Improving the efficiency of one of the turbomachines may affect the operating points 
of the other two machines. A compressor efficiency improvement results in reduced 
compressor work, and this then results in a reduced pressure ratio for the compressor 
drive turbine. This in turn results in a higher pressure ratio for the power turbine. 

The effect of compressor efficiency on the turbine operating point is shown in the turbine 
maps of figure 3. The ordinate of the map is specific turbine work, and the abscissa 
is the speed - mass flow parameter, which is simply the product of corrected speed and 
corrected flow. The compressor map is not shown, but after rematching the compres- 
sor pressure ratio was slightly higher and the air flow was slightly lower. The 
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compressor- drive turbine in response moved along a constant speed line to a lower 
pressure ratio and slightly higher efficiency. The lower pressure ratio of the 
compressor- drive turbine resulted in slightly higher temperature and pressure at the 
inlet to the power turbine. Thus, a compressor efficiency increase moved the power 
turbine operating point to a higher pressure ratio, slightly lower efficiency, and slight- 
ly lower corrected speed. 

For an increase in compressor- drive turbine efficiency the match points of all 
three turbomachinery components were affected in a similar fashion. Compressor 
pressure ratio and efficiency increased slightly, compressor- drive turbine pressure 
ratio decreased, power turbine pressure ratio increased, and efficiency decreased. 

The effect of increased power turbine efficiency was an exception. The operating 
point of the compressor and compressor- drive turbine was shifted very little when the 
power turbine efficiency increased. 


Sensitivity to Compressor Efficiency 

The effect of compressor efficiency on specific fuel consumption (SFC) and engine 
net power is shown in figure 4 for a gas generator speed of 80 percent. The reference 
compressor efficiency obtained from testing was 0.741. The efficiency was reduced 
to 0.733 for the low limit and increased in increments to a high of 0.805, which was 
the Chrysler original design goal at 80-percent gas generator speed. The compressor 
turbine and power turbine were treated as fixed components; this required that the 
turbine operating points rematch in response to the compressor performance changes. 

In figure 4, net engine power increased almost linearly with increases of compressor 
efficiency. The slope of the line at 0.741 is related to the influence coefficient of com- 
pressor efficiency on net engine power. The influence coefficient for power can be 
thought of as the percent change in horsepower for each percent change in compressor 
efficiency. The power and SFC influence coefficients at 80-percent speed are shown in 
figure 5. The 80-percent speed is where the analytical results were matched to the 
results from the Lewis test facility. The remaining points were influence coefficients 
obtained at other off- design points at other gas generator speeds. Two sets of influence 
coefficients are shown. The triangular symbols indicate that actual Upgraded turbo- 
machinery maps were used in the analytical model, and circular symbols indicate that 
scaled Baseline turbine maps were used. The influence coefficients are basically in 
agreement from 70- to 90-percent gas generator speed. From 70 to 90 percent the 
engine power changed about 2 percent for a 1-percent compressor efficiency change. 
Below 7 0-percent and above 90-percent gas generator speed the sensitivity to compres- 
sor efficiency improvement is greater. The model underpredicted the influence of 
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compressor efficiency at low and high gas generator speed when the scaled turbine 
maps were used. With the Upgraded turbine maps in place, the power and SFC were 
quite sensitive to compressor efficiency at low speed idle and high speed. In addition 
to the influence coefficients of power and SFC shown in figure 5, the appendix tabulates 
influence coefficients for all of the dependent variables to compressor efficiency 
changes at several gas generator speeds. The appendix shows in detail how the pres- 
sure ratio and efficiency of the turbomachines respond to the compressor efficiency 
change. In addition, effects on fuel consumption, airflow, and several engine temper- 
atures are shown. The use of the influence coefficients is also illustrated in the ap- 
pendix. 


Sensitivity to Efficiency of the Compressor- Drive Turbine 

The effect of compressor- drive turbine efficiency on engine power and SFC at 80- 
percent gas generator speed is shown in figure 6. The reference total efficiency was 
0.745 as determined from tests. The efficiency range covered was from 0.737 to an 
upper limit of 0.843. The engine power plotted against turbine efficiency (fig. 6) was 
not linear as in the case of compressor efficiency. The sensitivity as seen from the 
slope of the line was greater at the lower end of the efficiency range. The influence 
coefficients for power and SFC at the reference efficiency of 0.745 are shown in figure 7 
for 80-percent speed. For the 70- to 90-percent speed range, the increase in influence 
coefficient for power was between 1. 9 and 2. 3 percent for each l-percent increase in 
compressor- drive turbine efficiency. Figure 7 includes the influence coefficients at 
other speeds as determined from off-design calculations. Again two sets of influence 
coefficients are shown with the set marked Upgraded turbine maps being preferred. 

The two sets are in basic agreement between the 7 0- and 90-percent gas generator 
speeds. The sensitivity to compressor- drive turbine efficiency is greater -at the low 
and high ends of the gas generator speed range. At 50-percent speed the power in- 
creased more than 8 percent for each percent improvement of turbine efficiency. In- 
fluence coefficients for SFC are shown in the upper part of figure 7 . The SFC is re- 
duced about 1.75 percent for each percent increase in compressor- drive turbine effi- 
ciency. The appendix shows for 80-percent speed that the compressor operating point 
has changed to a slightly higher compressor pressure ratio, slightly higher compressor 
efficiency, and lower airflow. The improved compressor- drive turbine efficiency 
meant that required turbine work could be obtained with a pressure ratio lowered by 
0. 6 percent for a 1-percent improvement in compressor- drive turbine efficiency. The 
decrease in compressor- drive turbine pressure ratio resulted in a higher pressure to 
the power turbine. The 1-percent compressor- drive turbine efficiency improvement 



resulted in a 0.7-percent increase in the power turbine pressure ratio with power tur- 
bine efficiency 0. 9 percent lower. However, the net result was an increase in power of 
1. 9 percent. The magnitude of the influence coefficient for power indicates a sensitiv- 
ity to compressor- drive turbine efficiency about the same as sensitivity to compressor 
efficiency. 


Sensitivity to Power Turbine Efficiency 

The effect of power turbine efficiency on engine power and SFC is plotted in figure 8. 
The range of power turbine total efficiency covered was 0. 651 to 0.755. The reference 
total efficiency at 80-percent gas generator speed was 0. 661 (rated from stator inlet to 
diffuser outlet). The power changed approximately linearly with power turbine effi- 
ciency. The SFC variation is not linear, being slightly more sensitive to power turbine 
efficiency at the lower end of the efficiency range. Two sets of influence coefficients 
are shown in figure 9 for the effect of power turbine efficiency on power and SFC. The 
preferred set used the Upgraded turbine maps in the analytical model. From 70- to 
90-percent gas generator speed the power increased by 1 to 1.2 percent for a 1-percent 
improvement in power turbine efficiency. At a gas generator speed below 70 percent, 
the power influence coefficient is greater, reaching almost 2 at 50-percent speed. The 
coefficient for SFC is shown in the upper half of figure 9 and amounts roughly to 0. 8- to 
1-percent reduction in SFC for each 1-percent improvement in power turbine efficiency. 

Changing the power turbine efficiency does not significantly affect the compressor 
or compressor- drive turbine operating points. Pressure ratios and efficiencies of both 
the compressor and compressor- drive turbine were essentially unchanged. For a 1- 
percent improvement in power turbine efficiency, the power increased about 1 to 1.2 
1.2 percent, which is smaller effect than that caused by changes to either the com- 
pressor or compressor-drive turbine efficiencies. The compressor efficiency affected 
power to about 2 percent, while the compressor- drive turbine affected power to about 
1.8 percent. Therefore, of the three turbomachinery components, the engine perfor- 
mance was most sensitive to compressor efficiency and least sensitive to the power 
turbine efficiency. Changes in compressor- drive turbine and compressor efficiency 
affected the operating point of the other two machines. When the power turbine effi- 
ciency was changed, the effect on the compressor and compressor- drive operating 
points was insignificant. 
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Effect of Regenerator Effectiveness 


The level of the regenerative effectiveness strongly affected engine SFC but had 
essentially no effect on engine power (fig. 10). The reference regenerator effective- 
ness was 0.876 for 80-percent gas generator speed. The reference effectiveness deter- 
mined from the Lewis thermocouple test data was based on the calculated heat trans- 
ferred to the low pressure side of the regenerator. Regenerator effectiveness varied 
from 0. 867 to 0. 928. The 0. 928 effectiveness was the Chrysler goal at 80-percent gas 
generator speed. Figure 10 shows that power is not sensitive to regenerator effective- 
ness. Over die entire range of effectiveness covered, the power varied only 0.2 horse- 
power. However, the effect on SFC (fig. 10) is significant. The SFC decreased linear- 
ly as regenerator effectiveness was increased. The influence coefficients for power 
and SFC are plotted in figure 11 for 50- to 100- percent speed. The influence coefficient 
for power again shows insensitivity to regenerator effectiveness variations. The SFC 
influence coefficients, however, show a significant sensitivity to regenerator effective- 
ness; the sensitivity increased at lower speeds where the regenerator heat load was 
lighter. The SFC influence coefficient at the reference effectiveness (80-percent speed) 
was 1.75. A 1-percent increase in regenerator effectiveness would thus reduce the SFC 
by 1.75 percent. A 100-percent speed the SFC reduction would be slightly more than 
1 percent; at 50-percent speed it would increase to a 4- percent improvement. To re- 
iterate, a 1-percent improvement in regenerator effectiveness from the reference level 
of 0.876, accomplished for example by an increase in the size of the core matrix, 
would lower the SFC by 1. 75 percent. At 50- percent gas generator speed the engine 
with that new regenerator would then provide an SFC advantage of 4 percent over the 
engine with the original regenerator. 


Effect of Regenerator Pressure Drop 

In the regenerator, which is a rotating matrix periodic-flow heat exchanger, the 
gas flows from both the high- and low-pressure sides and passes through the same 
rotating disk flow passages. On the low-pressure side the volumetric flow is highest 
and pressure drop highest. Figure 12 shows the sensitivity of output power and SFC 
to the regenerator pressure drop fraction at gas generator speeds from 50 to 100 per- 
cent. The normal pressure drop fractions for both the high- and low-pressure sides 
are listed for each speed in the figure. In figure 12 the reference normalized pressure 
ratio is located at the abscissa value of 1. The pressure drop fraction was varied from 
zero to three times the reference pressure drop fraction, except at 100 percent. As 
the pressure drop was varied, the ratio of high- side to low- side pressure drop was 
held at the same value as it was for the reference case. Regenerator pressure drop 
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affects engine power by reducing the pressure drop that can be taken across the power 
turbine. The influence coefficients for the power and SFC are shown in figure 13. 

From 60- to 95-percent gas generator speed the power increased about 0. 16 percent for 
each 1-percent reduction of the pressure drop fraction. For the 60- to 95-percent 
speed the SFC was reduced by 0. 13 percent for each 1-percent reduction in pressure 
drop fraction. 


Sensitivity to Flow Leaks 

Any flow leak tends to degrade engine performance. Flow leak paths and mass flow 
for each leak were estimated by Chrysler for the initial design. These estimates were 
made at 50- , 60- , 70- , 80- , 90- , 95-, and 100-percent gas generator speed. The 
exact bleeds and leakage paths were used as reference values for the analytical model. 
Sensitivity was investigated at only 60- , 80- , and 90-percent gas generator speeds. 

The block diagram of the engine components (fig. 1) shows the leakage paths. For the 
sensitivity check, each leakage flow was varied from zero to a value greater than 
Chrysler' s estimate. Power decreased and SFC increased as flow leakage increased. 
The appendix lists tabulated influence coefficients at the three gas generator speeds 
where flow leak sensitivity was checked. The notation 4 — 33 indicates leakage from 
duct 4 to station 33 in figure 1. The leakage paths can be categorized as leaks from 
the high-pressure side that do not pass through either turbine, leaks that pass through 
one turbine but bypass the other, and leaks that pass through both turbines. Variation 
of engine power for a variation of bleed fraction from 0 to 0. 01 is shown in figure 14 
for all nine leakage paths. The bleed fraction is the ratio of flow leak to total flow at 
that location. The reference values for each leak are shown. Figure 14 shows the 
power variation to be linear with bleed fraction changes. Flow leaks bypassing both 
turbines exit from ducts 4, 5, 8, and 12. Leaks along these paths had the most signifi- 
cant effect, as noted from their steep slopes in figure 14. The leaks least affecting 
power were from ducts 6 and 7 of figure 1; since these leaks were to points upstream of 
both turbines, the leakage flow still passes through both turbines. The leakage flows 
from ducts 13 and 18 bypassed the compressor- drive turbine, while the leak from duct 
30 bypassed the power turbine. The sensitivity to these flows was intermediate between 
the other two extremes. All nine leaks have a detrimental effect on SFC (fig. 15). The 
tabulation of the influence coefficients in the appendix shows that the flow leaks by- 
passing both turbines have about the same effect on power. At 80-percent gas generator 
speed the power influence coefficient was about 0. 03 for leakage flows 4, 5, 8, and 12. 
These same flow leaks all affected SFC adversely but to differing degrees. Leak 5—32 
had the greatest effect on SFC. This leak was from the regenerator inlet on the high- 
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pressure side to the regenerator inlet on the low-pressure side. The next most sensi- 
tive leak (4 33) was the leak across the regenerator disk seal from the regenerator 

high-pressure inlet side to the regenerator low-pressure discharge side. 


Sensitivity to Heat Leaks 

Heat leakage paths and the magnitude of each leak were also estimated by Chrysler 
at the initial design stage for gas generator speeds from 50 to 100 percent. The 
Chrysler estimates were used as reference values. Heat losses affected system perfor- 
mance in much the same way that regenerator effectiveness did; the engine power was 
practically unaffected, and the SFC was adversely affected. The heat losses are of two 
types, losses leaving the engine to the surrounding environment and heat transferred 
from engine hot sections back to cooler sections. In figure 16 the effects of the heat 
leaks are shown for 60- , 80- , and 90- percent gas generator speed. The component 
from which the heat is transferred is indicated by a number corresponding to a com- 
ponent in figure 1. The figure also shows the heat leakage paths. The reference heat 
flow is marked with a symbol on the line. The net heat flow for each component was 
used. In the case of heat leak 7 in figure 16 for 80-percent speed, the heat flow is a 
heat addition to the compressor discharge duct; this flow results from heat leaking 
back along three different paths and exceeds the heat loss from the diffuser scroll to 
ambient. Thus, at 80-percent speed and lower, there is a net heat input at 7. At 90- 
percent speed and above, the balance is such that there is a net heat loss from 7. Var- 
iations about the Chrysler reference magnitude were made for all five composite heat 
leaks, and the effect on SFC is shown in figure 16. The effects of heat transferred from 
11, 15, and 22 were greatest, and the effect of 18 only slightly less as determined from 
the slopes. The SFC effect from variations to heat leak 7 were much less significant. 
The trends were consistent for all gas generator speeds. The heat leaks did not effect 
engine power except for one leak, 18, which appeared to cause an unexpected trend until 
the reasons for it were examined. First, it must be remembered that the scale on the 
ordinate of the power against heat flow plot is greatly expanded. The heat leak in 
question is a loss from the interturbine duct. The unanticipated trend of increased en- 
gine power with increased heat leak is due solely to the method of controlling tempera- 
ture with the variable power turbine nozzle. The controlled temperature was the power 
turbine discharge temperature. In order to maintain a constant power turbine discharge 
temperature as the interturbine duct heat loss increased, burner outlet temperature 
had to increase. More fuel was required in the combustor to provide the higher peak 
cycle temperature. Thus, as heat losses from the interturbine duct increased, the 
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engine control method resulted in higher peak cycle temperature. Had the control 
method been different, for example, if the compressor-drive turbine inlet temperature 
had been controlled and had allowed the turbine discharge temperature to vary, the 
trend would have been just the opposite. The Chrysler method of controlling power- 
turbine discharge temperature was to keep the regenerator hot spot temperature below 
some prudent limit. Tabulated values for influence coefficients of the heat leaks con- 
sidered are shown in the appendix. 


Sensitivity to Shaft Parasitic Losses 

Sensitivity of engine power to the parasitic losses of the gas generator shaft and to 
the power turbine shaft was considered by varying these losses independently from zero 
to the reference value shown in the appendix. Parasitic losses have a strong effect on 
both power and SFC. Reducing parasitic power results in an increase in engine power 
without any fuel rate increase or it results in a direct fuel saving for the same power. 
For the power turbine shaft a decrease of 1-kilowatt parasitic loss resulted in a 1- 
kilowatt increase in engine power. The influence coefficients for power and SFC are 
shown in figure 17 . The magnitude of the influence coefficients indicates that the engine 
performance is more sensitive to power turbine parasitic losses than to gas generator 
shaft losses. The SFC changes reflect engine power changes with essentially no change 
in actual fuel consumption. For the same power, fuel consumption would be reduced. 


Sensitivity to Compressor Inlet Temperature 

The compressor inlet temperature has a significant effect on engine performance. 
For sensitivity calculations the power turbine discharge temperature and both shaft 
speeds were held constant as compressor inlet temperature variations were made. 
Reducing compressor inlet temperature resulted in a higher compressor pressure ratio 
and increased air mass flow. After the compressor drive turbine had rematched, its 
pressure ratio was slightly decreased but the turbine inlet temperature was higher. 
Since compressor pressure ratio was higher with a slightly lower compressor- drive 
turbine pressure ratio, it follows that the power turbine pressure ratio increased. 

This resulted in a 4. 5-percent increase in engine power for a 1-percent decrease in 
compressor inlet temperature in the gas generator speed range from 70 to 90 percent. 
Below 70 percent and above 90 percent the magnitude of the influence coefficient for 
power and SFC were considerably higher. Again the analytical model predicted poor 
high-speed performance with high sensitivity to any operating condition improvement 
such as reduced compressor inlet temperature. 
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Sensitivity to Power Turbine Discharge Temperature 

The power turbine discharge temperature is actively controlled by means of a vari- 
able turbine nozzle. The power turbine nozzle could have also been used to control the 
peak turbine inlet temperature of the compressor drive turbine, however, controlling 
the power turbine discharge temperature prevented excessive regenerator peak tem- 
peratures. Variations of power turbine discharge temperature (T 20 of fig- !) were 
made while compressor inlet temperature and both shaft speeds were held constant. As 
changes in T 2 q were made, the compressor- drive turbine inlet temperature followed in 
the same direction. The compressor operating point was essentially unchanged with 
only a slight decrease in pressure ratio. When power turbine discharge temperature 
was raised, the inlet temperature to the compressor- drive turbine increased and a 
lower drive turbine pressure ratio was sufficient to provide compressor work and 
thereby permit a higher power turbine pressure ratio. The influence coefficients for 
engine power and SFC are shown in figure 19. The change in power at 80-percent gas 
generator speed was 3.1 percent for a 1-percent increase in power turbine discharge 
temperature. At the other gas generator speeds the sensitivity was greater. The SFC 
reduction at the 80-percent speed point was about 2. 2 percent. Again the high and low 
gas generator speed points showed extreme sensitivity to any parameter that would im- 
prove performance. 


CONCLUDING REMARKS 

A sensitivity study was conducted to obtain influence coefficients for a number of 
the most important component performance and operating parameters for the Upgraded 
engine 5-4. Engine 5-4 was on test at the NASA Lewis Research Center when a pro- 
gram was underway by Chrysler and the government to correct a power shortfall in the 
early development engines. Consequently, engine 5-4 was modelled analytically and 
the sensitivity study was performed with that model. The appendix is a complete tabu- 
lation of all influence coefficients. Some remarks and general observations about some 
of the trends are the following: 

(1) Performance changes to the compressor or compressor- drive turbine affect the 
operating points of the other rotating machines. Improving the efficiency of the com- 
pressor shifted the operating point of both the compressor- drive turbine and power tur- 
bine. Changes of compressor-drive turbine efficiency affected the operating point of 
the compressor and the power turbine. Changes in the power turbine performance did 
not have a significant effect on the compressor and compressor- drive turbine operating 

points. 
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(2) The engine output is most sensitive to compressor inlet temperature, power 
turbine discharge temperature, and turbomachinery efficiencies. Variations in power 
turbine efficiency affected performance to a lesser degree than did compressor or 
compressor- drive efficiency. 

(3) Regenerator effectiveness had little effect on engine power but a strong effect 
on fuel consumption. 

(4) Regenerator pressure drop reduction resulted in an increase in power turbine 
pressure ratio, and this resulted in increased engine power. This same trend also 
holds for duct piping pressure losses. 

(5) All mass flow leaks adversely affected power and specific fuel consumption. 
Flow leaks that bypassed both turbines were most serious. Flow leaks bypassing only 
one turbine were less serious. 

(6) Heat leaks affected fuel consumption, but their effect on output power was in- 
significant. 

(7) Engine power and specific fuel consumption were more sensitive to parasitic 
losses on the power turbine shaft than on the gas generator shaft. 
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APPENDIX - INFLUENCE COEFFICIENTS FOR 
CHRYSLER UPGRADED ENGINE 

Tabulations of all of the calculated influence coefficients for gas generator speeds 
from 50 to 100 percent are included in this appendix. 

The use of the influence coefficient is illustrated by the following example. To 
find the change in power if the compressor efficiency is improved from 0.741 to 0.75 at 
80 percent gas generator speed, the influence coefficient for power from the 80 percent 
N table. For this example it is 1.845: 

CjU 


H p,ref = _g_ = 1.845 
At7 c AX 

X 

%, ref 

Ar? 

AH p = 1.845xH pref x 

V ref 


From the same table, 

^c, ref = 0,741 
H p ref = 24.42 hp (18.21 kW) 

AH = 1.845x 24.42 x °- 75 - °-?4 1 = Q . 547 hp 
P 0.741 


The new power is 

H - H . + AH = 24.42 hp + 0. 55 hp = 24. 97 hp 
p p, ref p 
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INFLUENCE COEFFICIENTS FOR CHRYSLER UPGRADED ENGINE 


(a) Gas generator speed, N GG- 50 percent, 29 250 rpm; power turbine speed, N pt , 15 040 rpm 
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(b) Gas generator speed, N GG> 60 percent, 35 100 rpm; power turbine speed, N pt , 19 630 rpm 



a Value s may be obtained from fig. 14. 
^Values may be obtained from fig. 15. 
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(d) Gas generator speed, N^, 80 percent, 46 800 rpm; power turbine speed, N^, 30 800 rpm 
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{f) Gas generator speed, N rr , 93 percent 55 57 5 rpm; power turbine speed, N 33 baU rpm 
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(g) Gas generator speed, n qq. 10° percent, 58 500 rpm; power turbine speed, N^, 33 650 rpm 
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Figure 2. - Engine map showing correlation between engine test data and predicted performance. 



Speed mass parameter, €cdm/6 

Figure 3. - Turbine maps showing shift of operating points when 
compressor efficiency is improved. Constant power turbine 
discharge temperature. 
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Figure 4. - Effect of compressor efficiency on power and specific fuel con- 
sumption. Gas generator speed, 46 800 rpm, 80 percent; power turbine 
speed, 30 030 rpm ; power turbine discharge temperature, 1021 K (1837° R). 
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Figure 5. - Power and specific fuel consump- 
tion influence coefficients for improved com- 
pressor efficiency. 


ts5 

cn 



CO 

05 



Figure 6. - Effect of compressor-drive turbine efficiency on power 
and specific fuel consumption. Gas generator speed, 46 800 rpm, 
80 percent; power turbine speed, 30 030 rpm ; power turbine dis- 
charge temperature, 1021 K (1837° R). 



Figure 7. - Power and specific fuel consump- 
tion influence coefficients for improved 
compressor-drive turbine efficiency. 
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Figure 8. - Effect of power turbine efficiency on power and 
specific fuel consumption. Gas generator speed, 46 800 
rpm, 80 percent; power turbine speed, 30 030 rpm ; power 
turbine discharge temperature, 1021 K (1837° R). 
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Figure 9. - Power and specific fuel consump- 
tion influence coefficients for improved 
power turbine efficiency. 
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Regenerator effectiveness 

Figure 10. - Effect of regenerator effectiveness on power and specific 
fuel consumption. Gas generator speed, 46 800 rpm, 80 percent; 
power turbine speed, 30 030 rpm ; power turbine discharge temper- 
ature, 1021 K (1837° R). 



Gas generator speed, percent 

Figure 11. - Power and specific fuel consump- 
tion influence coefficients for improved re- 
generator effectiveness. 
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Figure 12. - Effect of regenerator pressure drop on power and specific fuel consumption. 
Gas generator speed, 46 800 rpm, 80 percent; power turbine speed, 30 030 rpm- power 
turbine discharge temperature, 1021 K (1837° R). 
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Figure 13. - Power and specific fuel consump- 
tion influence coefficients for reduced regen- 
erator pressure drop. 
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N gg - 80 percent N GG - 60 percent N GG - 90 percent 

Figure 14. - Effect of various flow leaks on power. 
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N gg = 80 percent N GG = 60 percent N GG = 90 percent 

Figure 15. - Effects of various flow leaks on specific fuel consumption. 
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(b) Gas generator speed, 80 percent. 


Figure 16. - Effect of various heat leaks on specific fuel consumption and engine power. 


32 



Specific fuel consumption, Ibm/hp/hr 



20-2-4 20-2-4 

Heat flow, Btu/lbm flow Heat flow, Btu/lbmflow 


(c) Gas generator speed, 60 percent. 


Figure 16. - Concluded. 



Gas generator speed, percent 

Figure 17. - Power and specific fuel consump- 
tion influence coefficients for reductions of 
gas generator and power turbine shaft para- 
sitic power losses. 


33 



(AHP/HP ref )/(ATj/T^ ref ) (ASFC/SFC ref »/<AT 1 /T 1 ref ) 




Figure 18. - Power and specific fuel consump- 
tion influence coefficients for changes of 
compressor inlet temperature. Constant 
power turbine discharge temperature, 1021 K 
(1837° R). 




Figure 19. - Power and specific fuel consump- 
tion influence coefficients for increased 
power turbine discharge temperature. Con- 
stant compressor inlet temperature, 303 K 
(544. 7° F). 
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